[1] We describe a conceptual model of groundwater processes at Hebes Chasma, Mars, which can account for the distribution of hydrated minerals and their subsequent evolution. At Hebes Chasma, pressure gradients set up by the large central mound, Hebes Mensa, could cause groundwater to be sourced predominantly from beneath the central region, if such water were present. Evaporation of upwelling groundwater would cause monohydrates to form at or near the surface through efflorescence, and polyhydrates to form inside the central mound through subflorescence. This crystallization could lead to an excess pore pressure, causing large-scale weakening and subsequent collapse that can reveal the interior polyhydrated deposits. If evaporation is high compared to groundwater inflow, then increased crystallization would promote the formation of collapse zones. If evaporation is low compared to groundwater inflow then there would be a greater chance for water reaching the surface and the possible formation of karst landforms. Citation: Grindrod, P. M., and M. R.
Introduction
[2] Hebes Chasma is an approximately elliptical closed depression measuring 315 by 125 km, located about 300 km to the north of the main Valles Marineris chasmata system. Hebes Chasma is one of the deepest canyon systems on Mars, with a maximum depth of about 9 km. Inside Hebes Chasma is a distinctive layered central mound, Hebes Mensa, that mimics the elongation of the Chasma. The mensa is one of about ten large-scale interior layered deposits (ILDs) that occur in the Valles Marineris chasmata system [e.g., Lucchitta et al., 1992] , whose formation mechanism remain a matter of ongoing debate [e.g., Adams et al., 2009; Montgomery et al., 2009; Fueten et al., 2006; Okubo et al., 2008] . Here we do not address how Hebes Chasma or Hebes Mensa formed, as to a large extent the processes we discuss are unaffected by the original formation mechanism. Instead, we investigate the implications of recent studies highlighting the possible importance of groundwater on Mars, from in situ [e.g., Squyres et al., 2006] and orbital [e.g., Murchie et al., 2009] observations and hydrological models [e.g., Andrews-Hanna et al., 2007] . We describe a conceptual model of groundwater processes in Hebes Chasma, which is split into two parts: (1) modeling the pressure gradients caused by the topography in order to predict possible upwelling locations, and (2) applying the results of previous crystallization experiments to Martian conditions in order to predict crystallization processes. We present evidence to support this combined model of groundwater upwelling and evaporation, and discuss the implications for other ILDs on Mars.
Groundwater Processes in Hebes Chasma

Topographic Pumping
[3] Any groundwater present beneath the wider region around Hebes Chasma will naturally be driven by the surrounding topography towards the lowest point at the surface, in a process analogous to basin recharge on Earth. However, to investigate the pattern of any possible groundwater upwelling near Hebes Mensa, we model the pressuregradients created by the topography of Hebes Chasma both with and without Hebes Mensa. We apply to Hebes Chasma the topographic pumping model of Showman et al. [2004] , which is based on the topographic relaxation model of Turcotte and Schubert [2002] , to predict the subsurface stress field available to drive a fluid through a porous matrix. We assume throughout that the rock density is 3000 kg m −3 and acceleration due to gravity is 3.7 ms −2 , and consider two specific topographic cases. We first approximate the minor axis topography of Hebes Chasma in the absence of Hebes Mensa by assuming a sinusoidal surface topography of wavelength 140 km and amplitude 4 km. This topographic profile creates pressure gradients that lead to a zone of upwelling ∼75 km wide in the center of Hebes Chasma, as material flows down pressure gradients away from the walls and towards the central low region (Figure 1a) . By superposing four Fourier modes, we also approximate the combined present-day topography of Hebes Chasma and Hebes Mensa. Again, the long wavelength of Hebes Chasma dominates the subsurface pressure-gradients, but the addition of Hebes Mensa reduces the zone of upwelling to a central region ∼40 km wide, and suggests that the majority of water would be sourced from below Hebes Mensa, rather than from the canyon walls (Figure 1b) . Although it is likely that topographic pumping is not the only groundwater driving force, other processes such as capillary action or brine reflux will probably be secondary in magnitude and operate only in the upper tens of meters of the subsurface [e.g., Warren, 2006; Scherer, 2004] .
Crystallization Effects
[4] Any groundwater rising towards the surface would begin to evaporate as it encountered the low-pressure Martian atmosphere, leading to the crystallization of any dissolved species. The process of groundwater upwelling and evaporation would leave a distinctive pattern of crystallization that varies with depth and location in the central Hebes mound. At the low-pressure surface, evaporation will cause the groundwater to become supersaturated, and thus precipitation of primary salts occurs through efflorescence, a process common in building stones on Earth [e.g., Scherer, 2004] . The first salts to crystallize through efflorescence at the low relative humidity surface will be anhydrous, such as anhydrite (CaSO 4 ), or low hydrates, such as monohydrates like kieserite (MgSO 4 · H 2 O) [e.g., Chou and Seal, 2007] . The higher relative humidity inside the central mound will result in the crystallization of polyhydrated minerals, such as epsomite (MgSO 4 · 7H 2 O) and mirabilite (Na 2 SO 4 · 10H 2 O), through subflorescence, or crystallization below the surface [e.g., Rodriguez-Navarro and Doehne, 1999]. However, this zoning might be offset to a certain extent by any temperature gradient between the surface and interior of the mound, as polyhydrates tend to form at lower temperatures [e.g., Peterson and Wang, 2006] . But as long as evaporation dominates over any temperature effect, as would likely be the case in an atmosphere similar to that of present-day Mars, then groundwater-driven crystallization would result in distinct zones of hydration: anhydrates and monohydrates at the surface through efflorescence, and polyhydrates in the interior through subflorescence.
[5] The crystallization of salt can lead to significant stress damage in porous rocks [e.g., Scherer, 2004; . A crystal growing in a supersaturated solution within a confined pore space will exert a pressure on the surrounding matrix. These stresses are often sufficient to cause failure in tension of the host rock, especially if there are repeated cycles of evaporation [e.g., Steiger and Asmussen, 2008] . For example, in the sodium sulfate-water system, crystallization pressures are higher at lower temperatures, and at 0°C can be as high as 37 or 27 MPa in mirabilite or the metastable heptahydrate (Na 2 SO 4 · 7H 2 O) respectively [Steiger and Asmussen, 2008] . Although this pressure is exerted at the scale of the pores, if a large fraction of the crystals are in contact with their pore walls, and if the matrix is saturated with groundwater, then the crystallization pressures can be directly compared with the tensile strength of the rock matrix [Steiger and Asmussen, 2008] . The tensile strength of rocks is of the order of one-tenth of the uniaxial compressive strength (UCS), and so has an upper limit of about 30 MPa, but can vary due to a number of factors, including composition, porosity, alteration, and stress history [Paterson and Wong, 2005] . For example, the tensile strength of sandstone can vary from less than 1 MPa up to 20 MPa [e.g., Bell, 1999] . The tensile strength of Martian sulfate hydrates is unknown, but analog materials have UCS values of up to about 70 MPa, depending on porosity [Grindrod et al., 2010] . Regardless of the exact tensile strength of any particular rock mass that makes up Hebes Montes, it is clear that under the right conditions, the stress generated through the crystallization of salts is capable of causing rock damage, and subsequent fracture and collapse. In fact, as higher crystallization pressures are generally the result of precipitation of the highest hydrates, then it is possible that failure in coherent planes of polyhydrated subflorescence layers in the interior of Hebes Montes could be more important than at the surface, causing large-scale collapse.
Observational Evidence of Groundwater Action
[6] Observational evidence of possible groundwater action is confined to Hebes Mensa and its immediate vicinity, supporting the idea of upwelling being confined to the central region of Hebes Chasma. We have found no evidence for groundwater action on the chasma walls. The N-S distance datum, and another at 1.4-1.7 km (Figure 2) . HiRISE images show the highest density of joints possibly related to dehydration and aqueous mineral crystal growth [e.g., Okubo and McEwen, 2007] directly above one large collapse zone in the north of Hebes Mensa, suggesting possible groundwater action here.
[7] We divide candidate fluvial landforms in Hebes Montes into three main categories: (1) small-scale channels, (2) inverted features, and (3) large-scale channels. Numerous small-scale channels occur only on the slopes of Hebes Montes, not the chasma walls, and range from ∼100 to 1000 m in width, and from less than 1 km to over 13 km in length (Figure 2b ). They generally originate near the top of Hebes Mensa, at elevations of between 3 and 3.5 km, where many small (∼100-300 m) scalloped depressions join to form individual parallel channels. There are several examples of low sinuosity channels, particularly at lower elevations. We have also identified several examples of a possible subset of small-scale channels near the top of Hebes Montes in a single HiRISE image (Figure 2c ). These small sinuous channels are approximately 10 m wide and 300 m long, and only occur in light-toned material.
[8] Inverted features originating from Hebes Montes have previously been interpreted as spring deposits [Rossi et al., 2008] . These features have positive overlapping flow topography and, in some locations, a lobate appearance. Smaller-scale inverted structures also occur towards the top of Hebes Mensa, where many individual ridges of less than 100 m in width overlap to give a botryoidal appearance . These features have previously been attributed to eruptive spring deposits or nested diapirs , with similar features attributed to fluvial action in Ius Chasma [Weitz et al., 2010] .
[9] The large-scale channels are the least numerous, but have the most well-defined erosional morphologies. The best example, occurring to the east of Hebes Montes, is about 3 km wide, 500 m deep, and 26 km long, and has cut through layered material in Hebes Montes to create a 'mini-Mensa' . Although there are significant amounts of dark aeolian material covering these landforms, it is evident that large-scale channels terminate in depressions (Figure 2 ). In at least one case, these depressions are surrounded by well-defined layered deposits.
Discussion
[10] It is likely that the present surface has been affected by aeolian processes during and since its formation. Most surfaces in Hebes Chasma show evidence for wind-deposition of varying degrees, and in some areas there is sufficient material to allow the formation of different types of dune. The enclosed nature of Hebes Chasma means that the removal of aeolian material from the canyon is likely to be inefficient, leading to large volumes of wind-derived material locally deposited. Wind erosion is also likely to be important in Hebes Chasma. Some of the features that we classify as small-scale channels have previously been interpreted as yardangs , and show similarities with aeolian erosional features in the Medusae Fossae Formation [e.g., Ward, 1979] . It is therefore possible that the small-scale "channels" are in fact simply examples of yardang-like features forming on steep slopes in a friable material. The observation that small-scale channels are best defined near the base of Hebes Mensa could provide evidence that the material making up the lower portion of Hebes Montes has undergone sufficient groundwater cementation to prevent complete subsequent weathering. Increased cementation, and therefore possible precipitation of hydrated minerals, at lower elevations fits well with the observation of kieserite at several stratigraphic low locations around Hebes Mensa [Gendrin et al., 2005; Hauber et al., 2008; Adams et al., 2009] . However, it is difficult to reconcile sinuous channels, especially those in upper Hebes Montes (Figure 2c) , or large-scale channels, with a purely aeolian origin, as their morphologies are more indicative of fluid flow. Some of the small-scale channels also have similarities with features in Candor Mensa recently interpreted as fluvial in origin ], so we suggest that not all of these features can be attributed to wind erosion.
[11] If monohydrates do not alter to polyhydrates, or viceversa [Roach et al., 2009] , then sulfate deposits offer an insight into the original deposition method and environment . Our model of efflorescence and subflorescence ( Figure S1 of the auxiliary material) can account for general observations made with recent CRISM data. 1 Polyhydrates have generally been observed to be higher in the stratigraphic section than monohydrates [e.g., Bishop et al., 2009; Murchie et al., 2009] . Our model of efflorescence and subflorescence can also account for such a stratigraphy, as crystallization-driven collapse would remove the outer efflorescent monohydrates, revealing the stratigraphicallyhigher polyhydrated interior. Monohydrates could then also overlie the polyhydrates where collapse has not yet removed the outer efflorescent layer.
[12]
Although not yet reported in the Hebes region, other ILDs show evidence of monohydrates outcropping on steep slopes and polyhydrates on shallower slopes [e.g., Murchie et al., 2009] . Although this observation is likely to be partly due to the inherent strength of the different hydrates [e.g., Grindrod et al., 2010] , crystallization-driven collapse would cause an initially steep monohydrate slope to become shallower, whilst simultaneously revealing interior polyhydrated material. This erosional scenario is supported by observations of monohydrates as the dominant sulfate phase in erosional debris in Ceti and Candor Mensae .
[13] The majority of morphological observations at Hebes Mensa match well with those expected from karstic processes, and already suggested for a different ILD [Baioni and Wezel, 2010] . Most hydrated minerals, particularly sulfates, are highly soluble, and will have a propensity to undergo chemical, as well as physical, erosion from ground or surface water. Specific features identified in Hebes Mensa are comparable to terrestrial dissolution-formed counterparts, such as the source region scalloped depressions and initial smallscale channels (decantation flutes), planar belt of no channeling (sheet flow region), distal end of small-scale channels (solution runnels), and depressions at the end of channels (large-scale solution pits: see review by Ford and Williams [2007] ). Any hydrates at Hebes Mensa would undergo dissolution from groundwater that was not in chemical equilibrium with the phase present, and so karstic processes could occur for a wide range of water compositions. If the groundwater was at some point acidic, similar to conditions suggested at Meridiani Planum [e.g., Squyres et al., 2006] or Mars in general [e.g., Burns, 1993; Marion et al., 2003] , then karstic features could occur in a wider range of rock types, rather than being confined to sulfate-rich deposits. Thus, regardless of the exact nature of formation of Hebes Chasma and Mensa, groundwater could have had an important effect on the both the distribution of hydrated minerals and their subsequent evolution.
